Semiconductivity and band gap of a double strand of DNA are investigated by using the band gap formula from the tight-biding model for electrons in the double strand of DNA. The results quantitatively coincide with the recent experimental observations and predict many situations that are not yet performed by the experiments.
§1. Introduction
Recently, there have been some progresses in order to answer electronic properties of DNA. Meade and Kayyem 1) and others 2) measured the electron current in both a double and a single stranded DNAs and found that the electronic current for the former is enhanced more than 10 4 ∼ 10 10 times that for the latter. More recently, Porath et al. have performed a direct measurement of electrical transport through DNA, which shows that a band gap exists at the center of the spectrum of a double stranded DNA.
3) These experiments raised a question whether or not the electron hopping through hydrogen bonds between bases in the adjacent chains affects on the entire conductivity of electrons through a DNA. I apply the tight-binding model for electrons in a double strand of DNA. I obtain that semiconductivity of a DNA with a band gap is maintained and the band gap is reduced by the electron hopping between adjacent chains due to the formation of the double strand of DNA. 4) The results quantitatively coincide with the observations of the recent experiments.
1-3)
To know electronic properties of biomolecules such as proteins and DNA has been an intriguing problem for several decades. As early as in 1941 Szent-Gyögyi suggested that proteins are semiconductors. 5) Later in 1960's theorists suggested that DNAs are semiconductors as well 6) and it was speculated that the semiconductivity of DNA is related to the origin of cancer due to transmutations of the genes. 7) These theoretical attempts have played a very important role in order to understand physical and chemical properties of such biomolecules.
8)
To understand the electrical properties of DNA, there have recently appeared many intensive experimental researches on the electron current measurements through DNA.
1-3) Meade and Kayyem 1) and Burton et al.
2) have prepared DNA with attachment of donor and acceptor at the both ends of a double or single strand of the DNA; such a donor-acceptor pair plays a role of connecting a battery to the both ends of the DNA. Then, associated with the optical fluorescence, the excited electrons * E-mail: kazumoto@stannet.ne.jp. travel through the DNA, which result in a current in the DNA. Meade and Kayyem measured that the current in a double stranded DNA is 10 4 times greater than that in a single stranded DNA; more than millions electrons per second flow in the double stranded DNA while about 100 electrons per second flow in the single stranded DNA. Similar signature has been observed by Burton's group.
2) Very recently, Porath et al. performed a much more direct measurement for the electronic current (I d ) of a double strand of DNA 3) with respect to the applied voltage (V ), directly connecting the both ends of the DNA to electrodes. This method is very common in solid state physics. They found that the current is of the order of 10 12 electrons per second and vanishes in a region of about 4 eV around the zero voltage, which indicates that there is a band gap at the center of the electronic spectrum of the DNA. And the band gap increases as the temperature is increased. Thus, these experiments raised questions: What is the mechanism that provides such a high current flow in the DNA?; What is important for the determination of the entire spectrum of the double strand of DNA? §2. Formalism Right after the Meade and Kayyem's announcement 9) in 1995, I formulated a tight-binding model for a double strand of DNA and investigated the electronic spectrum of DNA for two types of ladder chain models 4) (Fig. 1 ) in order to know the role of the interchain electron hopping since in the standard model a DNA is assumed to be a single chain system. [6] [7] [8] One model is a typical ladder system in which there are two main chains with the 2N s sites and N s bridges between the interchains. The 2N s atomic orbitals are assigned for describing the π-orbitals on the all sites and electrons hop about the nearest neighbor sites in the intrachains as well as the bridges between the interchains [ Fig. 1(b) ]. Another model is a simplified model that mimics a DNA with an alternate repetition of sugar-phosphate sites in the two main chains and there are bridges only between the sugar sites in the main chains [ Fig. 1(c) ].
Following the above basic assumptions on the model, let us assume to put only one orbital per for the sake site of simplicity. Therefore, there are totally 2N s orbitals in our model of the DNA double chain. Let us denote by ψ n (ϕ n ) an orbital at site n in the single chain A (B). By superposition of the orbitals, the wave function is given by
where a † nσ (b † nσ ) means the electron creation operator with spin s at site n in chain A(B), which obeys the usual anticommutation relation. Let us define the Hamiltonian H of the system. To adjust with our model of the DNA double chain structure, I allow electrons to hop through bonds or nearest neighbor sites. This gives the Hamiltonian:
where A n+1,n (B n+1,n ) means the hopping integral between the nth and (n + 1)st sites and A n,n (B n,n ) the potential at site n in chain A(B), and U n (V n ) the hopping integral from chain A(B) to chain B(A) at site n, respectively. Applying to the Schrödinger equation, H|Ψ = E|Ψ , a pair of eigenvalue equations are obtained:
(3) I would like to note the following: Apparently the Hamiltonian H [eq. (2)] is not Hermitian conjugate unless U n = V n , and hence it seems unphysical. However, this is not the case in this model. Because the parametrization of the hopping and on-site potentials depend strongly upon the apparent choice of the wave functions, ψ n and ϕ n . Therefore, the set of parameters, A n+1,n , B n+1,n , A n,n , B n,n , U n , and V n , together with the wave functions ψ n and ϕ n is meaningful in this problem since I can always normalize the wave functions by adjusting the parameters. In this way, I can always use an appropriate basis for the wave functions in order to make the Hamiltonian Hermitian. Moreover, in our models that are described before, the conditions A n+1,n = B n+1,n and U n = V n are imposed such that the Hamiltonian is Hermitian, without having any problem in the practical use. Thus, there is no trouble on this point.
Let us define the four-dimensional column vector, ψ n ≡ t (ψ n , ψ n−1 , ϕ n , ϕ n−1 ). Then, using eq. (3) together with trivial relations, ψ n = ψ n and ϕ n = ϕ n , it can be rewritten in the following form:
where M n is the 4 × 4 transfer matrix with the 2 × 2 matrices:
According to the sequence of N s segments, we have to take a matrix product M of the N s transfer matrices M n such that
which is also a 4 × 4 matrix. Since the double chain system is periodic (i.e., ψ n+N s = ψ n and ϕ n+N s = ϕ n , then from eq. (4) the condition:
with ρ = e ikn . Applying it to eq. (4) for
I find a 4 × 4 determinant D(ρ) that is a fourth order polynomial of ρ:
Here if four roots are written as ρ 1 , ρ 2 , ρ 3 , and ρ 4 , then must be satisfied, where I 4 is the 4 × 4 unit matrix. It provides the wave vector k in the system such that k = 2πj/N s for j = −N s /2, · · · , N s /2. Suppose next that the system is arbitrary large (i.e., N s → ∞) with the unit cell of the N pairs of bases. Then I adopt the Bloch theorem to the system: the following conditions hold
The problem now is how to solve the biquadratic equation D(ρ) = 0. At first glance, since the components of the matrix M (N ) can be very complicated in general, it seems that there is no way of easily solving it, although in principle it should be solved analytically using the solution formula of a biquadratic equation. However, there is the more convenient way to do that. Using a physical intuition, if an electron propagation with k along one direction in the double chain is represented by ρ, then the reverse propagation with −k is represented by ρ −1 . Therefore, the latter should be also accessible since the choice of the direction of the coordinate system is arbitrary. Hence, ρ −1 must be an eigenvalue of D(ρ) = 0 such that
This situation imposes the particular condition on the matrix M :
where M † means the Hermitian conjugate of M and 0 is the 2 × 2 zero matrix, respectively. This property is called the symplectic structure of M , 10) where I have
from which I find
Thus, M belongs to SL(4, R). By using this property and dividing D(ρ) by ρ 2 , the biquadratic equation is reduced to the quadratic equation:
Therefore, its two roots are given as
Since from eq. (11) I have
. Solving this for a 2 , I obtain a 2 = (trM ) 2 − tr(M 2 ) /2, and therefore I find a
Hence, I can rewrite eq. (18) in terms of tr(M ) and tr(M 2 ) as
which means that there are two channels denoted by ± in the system. It agrees with the result on the KronigPenny model 11) and the tight-binding model 12) for the ladder structure. Physically speaking, the + (−) channel means bonding tibonding) states between wo parallel strands of the DNA. Now I can state a simple scheme to obtain the spectrum: If an energy E satisfies
then the energy is allowed, otherwise it is forbidden in channel ±, respectively. This is a generalized version of the Bloch condition for the single linear chain system with the 2×2 transfer matrix M where trM = 2 cos(kn). The density of states (DOS) D ± (E) is calculated using the t (an eq. (19) together with eq. (20) for each channel ±, respectively:
Therefore, the total DOS is given as the sum of D + (E) and D − (E):
where
means DOS contributed the bonding (antibonding) channel +(−), respectively. §3. Results
In this section, let us first shortly summarize the main features of the results and second apply them to explain the recently obtained experimental results.
For the first model where V n = U n = v is assumed, spectrum of the DNA changes as the interchain hopping (v) changes such that the system is a metal at v = 0, a semimetal for 0 < v < 2, and a semiconductor for v > 2, where v is measured in units of the magnitude of the electron hopping a along the main chains (i.e., a = A n+1,n = B n+1,n ). And this system is very unstable with collapsing the double chains.
12) Therefore, it was concluded that this model is not responsible for explaining the electronic properties of the DNA.
For the second model where I assume that V n = U n = v (= 0) and A n+1,n = B n+1,n = a (= b) at odd (even) n sites, respectively, I obtained the spectrum for the decorated ladder structure of DNA. There are mainly four bands; the lowest and upper middle (the lower middle and highest) bands correspond to the bonding (antibonding) states between the adjoint orbitals in the interchains. 13) There is a band gap E g (v) at the center in between the lower and upper middle bands in the spectrum for the whole range of v: the the from
where E g ≡ 2(a − b) means the band gap for the single strand of DNA. The other band gap ∆ g (v):
appears in between the lowest and the lower middle bands (the upper middle and the highest bands) when v > v c ≡ 2ab/ √ a 2 + b 2 (otherwise, it is negative and semimetallic), where a (b) are the intrachain hopping parameter from the phosphate sites to the sugar sites (from the sugar sites to the phosphate sites).
The center band gap character seems very crucial in order to explain the Meade and Kayyem's experiment 1) and the Porath et al.'s experiment.
3) Let us first explain the former experiment. Let us denote by I d (I s ) the electronic current of a double (single) strand of DNA. Since the current I of the intrinsic semiconductor with the band gap E g is given by I ∝ exp[− E g 2k B T ] where k B the Boltzmann constant and T the temperature of the system, the relative current of the DNA is given by
which quantitatively coincides with the Meade and Kayyem's results (Fig. 2) . (2) Second, let us assume E g = 8 eV from the knowledge of biomolecules. 8) They measured I d = 10 12 electrons per second (I s = 100 electrons per second) and the band gap of E g (v) = 4 eV. Therefore, if I apply these to eq. (25) for room temperature of k B T = 0.026 eV and solve for v, then I find v = 1.30 eV, which is quite large, compared to the order of the hydrogen bonds (v H ) between the nucleotides (v H ∝ 0.1 eV).
(3) Third, the center band gap is increased as the electron hopping between the interchains is decreased. Physically speaking, the content of this interchain hopping parameter depends on the atomic spacing between the hydrogen bonds. Therefore, the hopping parameter can be represented as a function of the extension (R) in the distance between the two adjacent sites in the interchains (i.e., the length of the bridge) such that
where v 0 is the magnitude of the interchain hopping, α a constant, and R the length of the bridge. So, if the distance between the interchains is increased, then the hopping parameter decreases, and hence, the band gap is increasing. This tendency may be responsible for explaining the last finding by Porath et al. that the band gap is increasing as the temperature of the system is increasing.
3) Let us assume that as the temperature T is increased, the distance R of hydrogen bonds between the main chains is increased such that ∆R ∝ T . This can be regarded as the thermal elongation of the distance between adjacent bases in the different chains. This effect may weaken the electron hopping between the interchains. Then, it results in increasing the band gap [see Fig. 4 in ref. 3 ]. This is shown in Fig. 3 for the case of E g = 8 eV at the room temperature of k B T = 0.026 eV.
There is another possibility to explain the last phenomenon, however. When the temperature is increased, some portion of all the hydrogen bonds in the DNA may be thermally broken. Therefore, the hopping parameter is effectively given by broken hydrogen bonds between the interchains, respectively. This reduction of the hopping between the interchains may also lead to the increase of the band gap. However, this cannot be the case since the DNA does not consist of thermally broken hydrogen bonds. I also note the following: There seems to be a flat region with no zero current in the I − V curve [see Figs 14) Therefore, one can predict that the band gap for the former must be much smaller than that for the latter, and hence the poly(G − C) DNAs can make electrons flow much more than the poly(A − T ) DNAs can do. From this fact, the general case of a mixture of the G − C and A − T bonds is given y effectively by I thus conclude that most of the observed band gap phenomena have been explained quantitatively by the results from the theory of tight-binding model for electrons in a double strand of DNA. This suggests that the double chain structure of DNA -the alternate repetition of the sugar-phosphate sites in the backbone chains and the electron hopping between hydrogen bonds -is very crucial to give the intriguing electronic properties of DNAs. Therefore, our results strongly support that electrons in the DNA belong to the bonding states between the double strand of the DNA, which means that electrons travel through near the center axis of the bridges between the π-stacking of the two main chains of the DNA.
